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Abstract 
Sealants may be defined as the flexible materials used in cracks and/or joints preventing moisture 
infiltration into the pavements. These materials should acquire certain adhesive and cohesive 
properties to remain intact in the cracks and/or joints. Hot-poured applied crack sealants are one 
of the most common preventive techniques in North America that extend pavement life. 
However, most of these applied sealants fail due to their poor adhesion to crack walls. Various 
tests are currently used to measure the sealants’ adhesive properties. Most of these tests apply a 
mechanical load (tensile, shear, bending, torsion, and peeling) or study the chemistry at the 
interfaces, especially the molecular and interatomic forces generated at the interfaces. These 
tests, however, either lack a real correlation with field performance or have not yet been 
validated. This study introduces the development of a procedure for an adhesive prediction test, 
tensile adhesive method (TAM). It also evaluates the feasibility of two other tests: the single end 
notch interface (SENI) test and sessile drop method (SDM). TAM test, which is a modified 
version of the current crack sealant adhesion tester (CSAT) test, shows consistent results among 
specimens and users. In addition, it was successful in capturing the effect of temperature changes 
and aging effects. It is concluded that good adhesive properties of hot-poured crack sealant are 
required for desired field performance, which can be predicted from lab-aged specimen test 
results. However, other factors affecting sealant performance should be considered, including 
sealant installation, stiffness, and other preventive maintenance applied to the pavement. 
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Chapter One: Introduction 
Sealants may be defined as the flexible materials used in cracks and/or joints to prevent moisture 
infiltration of the pavements. These materials should acquire certain adhesive and cohesive 
properties to remain intact in the cracks and/or joints. They can also prevent debris infiltration if 
they are properly installed and maintained (Al-Qadi et al. 2009). Crack sealing is the most 
common preventive practice in North America. Most state departments of transportation (DOTs) 
adopt crack sealing in their pavement preventive programs (Al-Qadi et al. 2009). Sealants can be 
hot-poured or cold applied. Hot-poured crack sealants are bituminous sealants (modified 
asphaltic materials) heated to high temperatures and poured while they are still hot (Al-Qadi et 
al. 2008). Cold-applied sealants do not require heating and silicone is a common example. This 
thesis discusses the hot-poured bituminous sealants. 
General Background 
Hot-poured sealants should be flexible and durable to withstand changes in temperature and field 
conditions. Hot-poured crack sealants are viscoelastic materials. Sealant properties change with 
respect to both temperature and time. In winter, as the temperature drops, cracks open and the 
sealant becomes stiffer. Sealants may fail within the bulk of the materials (cohesive failure) or 
become separated from the pavement (adhesive failure) (Al-Qadi et al. 2008). Hence, certain 
flexibility and interfacial bonding properties should be maintained to obtain an effective seal. In 
summer, sealants become softer and cracks become tighter. A sealant may lose its overband, 
have tracking on the pavements, and/or be compressed in the crack/joint (Al-Qadi et al. 2009). 
Time also influences sealants’ performance. As a sealant ages with time, it becomes either stiffer 
or softer depending on its composition (Ozer et al. 2015).  
In addition to adhesive and cohesive sealant failures, other failures may include sealant pulling 
out and spalling of the pavement adjacent to where the sealant is applied. Stones and debris may 
intrude into the sealant if it is too soft. Figure 1-1 shows common types of distresses for hot-
poured crack sealants. Because adhesive failure is the most common failure, most of the models 
developed to characterize a sealant’s field performance are based on the adhesive failures 
(Masson et al. 1999; Ozer et al. 2014; Smith and Romine 1999). Hence, adhesive characteristics 
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should be quantified to ensure good performance of the hot-poured crack sealant. Until recently, 
sealant specifications were empirical. Last year, the American Association of State Highway and 
Transportation Officials (AASHTO) adopted new specifications for hot-poured crack sealants, 
including one on adhesion: A crack sealant adhesion test (CSAT)(AASHTO-TP-89-10 2015). 
This standard was part of a bundle of tests to characterize hot-poured crack sealants based on 
their fundamental properties (Al-Qadi et al. 2009).  
    
              (a) Adhesion Loss                      (b) Cohesion Loss                       (c) Pull Out 
   
         (d) Overband Wear                             (e) Spalling                         (f) Stone Intrusion 
Figure 1-1: Common Failures of Hot-Poured Crack Sealants in Field Applications 
Problem Statement  
Hot-poured crack sealants have limited service lives due to premature failure, of which adhesion 
failure is one of the most pronounced. Therefore, a sealant’s adhesive properties should be 
quantified through a rapid and reliable test that is practical, repeatable, makes use of available 
equipment, and has the capacity to predict in-service performance. 
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Objective 
To address the lack of sealant adhesion characterization, the objective of this study is to develop 
a reliable and efficient adhesion test capable of quantifying hot-poured sealant adhesion 
properties. 
Research Approach 
Al-Qadi et al. (2009) provided the basis for developing a new test. An extensive literature review 
of the various adhesive tests was conducted. In addition, a current practical test (CSAT) was 
investigated to check its ability to detect the effect of aging and temperature variations. Other 
candidate tests were also investigated to check their applicability and repeatability. The most 
promising test, to distinguish between sealants and assess its applicability to correlation with 
field performance, was further evaluated. Figure 1-2 presents the approach used to quantify the 
adhesive properties of the various hot-poured crack sealants. 
Sealant adhesive 
properties
CSAT 
classification
Data 
meaningfulness
Lab aged 
specimens
Field performance
Report
End
Literature review
Test alternatives
Meaningfulness of 
results
Field to lab 
correlation
ReportEnd
Yes No
Best alternative
 
Figure 1-2: Flowchart for the Approach Used in Development a New Adhesion Test  
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Chapter Two: Current State of Knowledge 
This chapter presents the classifications of crack sealants and the effect of crack sealing on 
pavement performance. Adhesive mechanisms and tests are then introduced.  
Classifications of Crack Sealants 
Sealant classification and grading were developed through the standards of both the American 
Society of Testing and Materials (ASTM) and AASHTO. ASTM classifies sealants into four 
types (Table 2-1), which are determined using empirical tests such as penetration, resilience, and 
softening point.  
Table 2-1: ASTM Classification for Crack Sealants (after ASTM D6690-15) 
Test Type 1 Type 2 Type 3 Type 4 
Cone penetration 
at 25 °C, (units) 
90 max 90 max 90 max 90-150 
Softening point, 
°C (°F) 
80 (176) 
minimum 
80 (176) 
minimum 
80 (176) 
minimum 
80 (176) 
minimum 
Bond, non-
immersed 
Two out of three 
25.4 mm 
specimens pass 5 
cycles at 50% 
ext. at -18 °C 
Three 12.7 mm 
specimens pass 
3 cycles at 50% 
ext. at -29 °C 
Three 12.7 mm 
specimens pass 3 
cycles at 50% 
ext. at -29 °C 
Three 12.7 mm 
specimens pass 3 
cycles at 200% 
ext. at -29 °C 
Bond, water 
immersed 
— — Three 12.7 mm 
specimens pass 3 
cycles at 50% 
ext. at -29 °C 
— 
Resilience, % — 60 min 60 min 60 min 
Oven-aged 
resilience, % 
— — — 60 min 
Asphalt 
compatibility 
Pass Pass Pass Pass 
 
Type 1 represents stiffer sealants and type 4 represents the softer ones. Hence, Type 4 is used in 
cold climates. More details on test methods are available in ASTM standards (ASTM-
D36/D36M-14e1 2014; ASTM-D92-12b 2013; ASTM-D5078/D5078M-11 2011; ASTM-
D5329-15 2015; ASTM-D6690-15 2015). 
Since these specifications do not show any correlation with field performance because they are 
empirical, new standards were developed that consider the rheological properties of sealants (Al-
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Qadi et al. 2009). Similar to performance grade (PG) for binders, sealant grade (SG) was 
developed and is summarized in Table 2-2.  
Table 2-2: Crack Sealant Grading System (after Al-Qadi et el. 2009) 
 
Details on the SG test methods are available in the AASHTO standards (AASHTO-TP-85-10 
2015; AASHTO-TP-86-10 2015; AASHTO-TP-87-10 2015; AASHTO-TP-88-10 2015; 
AASHTO-TP-89-10 2015; AASHTO-TP-90-10 2015). However, the adhesion test could benefit 
from further development. Adhesive properties were investigated in many fields in addition to 
mixtures, binders, and crack sealants. Some were established for the adhesive properties of 
composite materials such as paint (Jakarni 2012). 
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Adhesive Mechanisms 
Four theories are mainly used to describe how different materials bond to each other, and the 
forces responsible for these bonds are called the adhesive mechanisms (Kinloch 1987). These 
four theories are mechanical interlock, diffusion, electrostatic, and adsorption. A brief 
description of each is followed by a summary in Table 2-3 that shows the applicability and the 
drawbacks of each theory. 
Mechanical Interlock 
According to mechanical interlock theory, the materials adhere due to the contact and keying 
between them (Kinloch 1987). These physical properties are important to provide a good bond 
between surfaces. Such physical properties are surface area and texture (roughness), particle size, 
and angularity (Jakarni 2012). This theory is commonly applicable on large scales such as 
roughening the pavement surface before the application of an overlay to ensure good bonds 
between layers. Other studies concluded that the mechanical interlock does not play a role in 
adhesion (Kendall 1994; Li et al. 2012; Shahsavan and Zhao 2011). The reason for the increased 
adhesion due to roughness has been suggested due to removing weak layers and enhancing the 
energy dissipative mechanisms (Kinloch 1987). The major critique of this theory rests on its 
inability to explain the good adhesion among some smooth surfaces (Kinloch 1987). 
Diffusion Theory 
According to the diffusion theory, the bond between the surfaces occurs due to the diffusion of 
interface molecules on the surfaces. This means the molecules of the adhesive orient themselves 
to satisfy the other surface energy needs (Jakarni 2012). This also requires the molecules to be 
soluble and have mobility across the interface (Kinloch 1987). As for applications, this theory is 
applicable in the solvent welding of compatible, amorphous plastics (Kinloch 1987). Since the 
theory depends on the solubility of molecules at the interface, it does not apply in situations 
where there is no solubility, such as in highly cross-linked polymers or under the glassy 
transition temperature (Kinloch 1987). In the crack sealing process, sealants are heated to around 
200 °C (400 °F) and are soluble. However, this temperature is not sufficient to melt the 
pavement; but will soften the crack wall. Hence, this theory alone may not describe the adhesion 
properties of hot-poured crack sealants. 
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Electrostatic Theory 
The adhesion bond according to the electrostatic theory is merely due to the electron transfer 
through the interface between the surfaces to form a double layer of electrical charge (Kinloch 
1987). Here the surface composition is a key factor (Jakarni 2012). Adhesion between some 
surfaces can be explained with this theory such as in the case of zirconium-coated gold spheres 
on cadmium sulphide (Kinloch 1987). The electrostatic mechanism is considered the main factor 
in the adhesion of thick film conductors (Zhang et al. 2012). Jakarni (2012) suggested that 
asphaltenes may form higher adhesion bonds because they are the polar parts of the bituminous 
materials. He concluded that lower viscosities form weaker bonds as they indicate lower 
asphaltenes content. The main critique of this theory rests on defining the electrostatic forces an 
effect, not a cause, of good adhesion bonds. While this theory is popular in the context of highly 
charged surfaces, it does not seem widely applicable to hot-poured crack sealants. In fact, a 
double layer of electrical charge does not affect adhesion significantly and values are far lower 
than Van der Waals’ interactions (Kinloch 1987).  
Adsorption Theory 
Adsorption theory is the most widely accepted one for hot-poured crack sealants and other 
bituminous materials. According to this theory, a bond is formed due to the molecular and 
interatomic forces generated at the interface. These forces can be classified as secondary bonds, 
hydrogen bonds, and primary bonds (Kinloch 1987). In this case, the surface chemistry, 
roughness, and pore size are factors in this theory (Jakarni 2012). Most of the measured bonds 
are considered as being due to secondary forces. Thermodynamic work of adhesion and surface 
free energies can be used to assess a bond due to these secondary forces (Kinloch 1987). Surface 
free energy is defined as energy required to create a unit area of the surface in vacuum (Jakarni 
2012). Kinloch (1987) suggested the roughness of the surface could affect the contact angles 
used to determine the surface free energy. He also suggests that rough surfaces tend to reduce the 
angle if it is actually less than 90 degrees on a smooth surface. This increases the wettability and 
improves the adhesion bond. In the case where the actual angle is over 90 degrees on smooth 
surfaces, the measured angle is increased. Li et al. (2012) showed that the hydrogen bond is the 
main reason for the adhesion of liquid crystal polymer and silicone adhesives.  
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A summary the different mechanisms of adhesion are shown in Table 2-3. 
Table 2-3: Summary of Adhesive Mechanisms 
Mechanism Definition Examples Factors Shortcomings 
Mechanical 
interlock 
Contact and keying 
between surfaces 
Large-scale 
surfaces 
Surface areas 
and texture 
(roughness), 
particle size, and 
angularity 
Good adhesion 
among some 
smooth surfaces 
Diffusion Diffusion of interface 
soluble and mobile 
molecular among the 
surfaces 
Solvent welding 
of compatible, 
amorphous 
plastics 
Solubility and 
mobility of  
molecular 
Highly cross-
linked polymers 
or adhesion 
under the glassy 
transition 
temperature 
Electrostatic Electron transfer 
through the interface 
between the surfaces 
to form a double layer 
of electrical charge at 
the interface 
Zirconium-
coated gold 
spheres on 
cadmium 
sulphide 
Surface 
composition 
Double layer of 
electrical charge 
does not 
significantly 
affect adhesion, 
an effect rather 
than a cause 
Adsorption Molecular and 
interatomic forces 
generated at the 
interface 
Liquid crystal 
polymer and 
silicone 
adhesives, most 
bituminous 
adhesives 
Surface 
chemistry, 
roughness, and 
pore size 
Difficult to 
measure 
properties 
Current Adhesive Tests 
Adhesive properties are the most important factor for hot-poured crack sealants to ensure good 
field performance. Specifications and standards recognized this and developed various adhesive 
tests. Unfortunately, a good correlation between these tests and field results has not been 
validated yet.  
Adhesive properties are addressed mechanically through the application of fracture tests through 
the interface of the surfaces between different materials. Stresses could be developed at any 
interface as axial (tensile and compressive), shear, bending, and/ or torsional. Adhesive tests use 
one or more of these stresses to de-bind materials through interfaces. The failure depends on the 
stress type and combination, which could be in Mode one (tensile), Mode two (shear), or Mode 
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three (torsion) (Kinloch 1987). The simplest mode of failure, and that on which most tests are 
based, is mode one. 
Adhesion tests have been developed over the years. Gent and Kinloch (1971) are among the 
pioneers in characterizing the adhesion properties. They used a peel test, a simple extension, and 
a shear test to compute the fracture energy for the adhesive bond of rubber-based elastomers 
(Gent and Kinloch 1971). Adhesion tests to characterize the bonds of viscoelastic materials have 
been developed for adhesive joints.  
Different test descriptions and procedures can be found elsewhere (Anderson et al. 1977; Jakarni 
2012). Table 2-4 summarizes some of the available adhesion tests. 
Table 2-4: Summary of Available Adhesion Tests 
Test Picture/Sketch Advantages Disadvantages 
Peel test 
(Source: 
Anderson et al. 
1977; Gent and 
Kinloch 1971; 
Jakarni 2012; 
Kinloch 1987) 
 
Easy test to 
conduct 
 
Different test 
with the same 
principle 
Steady state condition 
requires time 
Larger load than required to 
propagate the crack 
Plastic deformations and 
complex deformation 
behavior 
Mechanical properties (peel 
angle, and thickness) 
Pull off 
(Source: 
ASTM-D4541-
09e1 2009; 
Jakarni 2012) 
 
Easy test to 
conduct 
 
Quick results 
 
Results depend on the 
machine used 
Failure mechanism 
(adhesive or cohesive) 
Dependence on the nature 
and preparation of the 
substrate 
Controlling temperature and 
humidity 
Lap shear 
(Source: 
Anderson et al. 
1977; Kinloch 
1987) 
 
 
 
Simple and 
economical to 
conduct 
 
Resembles 
structural 
adhesive in 
service 
Geometry-dependent (single 
or double) 
Large uncertainties in the 
measurements 
High concentration of shear 
and peel stresses at the edges 
of the bond. 
Failure attributed to peel 
stress 
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(Table 2-4 Continued) 
Test Picture/Sketch Advantages Disadvantages 
Cantilever 
beams 
(Source: 
Anderson et al. 
1977; Jakarni 
2012) 
 
 
Mode one 
tensile opening 
failure 
 
Could apply 
cyclic load 
(fatigue test) 
Geometrically dependent; 
DCB test result depends on 
crack length 
Complexity in terms of 
specimen preparation 
 
Adhesive tests are not limited to what is summarized in Table 2-4. Other available adhesive tests 
include cone pull-off and/or torsion tests (Anderson et al. 1977), cross lap tensile test (Anderson 
et al. 1977), blister test (Anderson et al. 1977; Bennett et al. 1974; Fini and Al-Qadi 2011; 
Jakarni 2012), the pneumatic adhesion tensile testing instrument (PATTI) test (Jakarni 2012), 
micrometer (Poulikakos and Partl 2012), and the overly tester (Zhou et al. 2010). 
Hot-poured crack sealant adhesive tests were not the main focus in the development of previous 
tests. ASTM specifications address the hot-poured CSAT through the standard (ASTM-D5329-
15 2015). The test is composed of an extension machine and conducted with and without the 
presence of water. The development of an adhesive test that accounts for the rheological 
properties of hot-poured crack sealants is needed and this started in the past decade.  
Al-Qadi et el. (2008) investigated the adhesive bond of hot-poured crack sealants using three 
different tests. One of these tests was based on the chemical properties and measuring the surface 
free energy. The other two were mechanical. The study recommended using the crack sealant 
adhesion test (CSAT) as a standard practice and the blister test for research purposes (Al-Qadi et 
al. 2008). Both these tests met AASHTO standards (AASHTO-TP-89-10 2015; AASHTO-TP-
90-10 2015). Figure 2-1 shows the available adhesive tests used for hot-poured crack sealants. 
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(a) (ASTM-D4541-09e1 2009) 
(b) Sessile Drop Device (after Al-Qadi et al. 
2008) 
  
(c) CSAT (after Al-Qadi et al. 2008) (d) Blister Test (after Al-Qadi et al. 2008) 
Figure 2-1: Various Adhesive Tests Used for Hot-Poured Crack Sealants 
Field Performance 
Crack sealing is one of the preventive techniques used in pavements. Its successful application 
prevents moisture and debris from infiltrating into the pavement through cracks and/or joints. 
The crack and joint sealant should be flexible to withstand environmental cycles. The effect of 
sealant on pavement service life has not been consistent, and researchers have reported different 
impacts on pavement service life. The extent of pavement life could reach seven years in 
Montana (Cuelho and Freeman 2004), three to five years in Michigan (Fang et al. 2003), two 
years in Canada (Ponniah and Kennepohl 1996), and 1.7 years after analyzing 81 Long-Term 
Pavement Performance (LTPP) program-specific pavement studies experiments (Wang et al. 
2011). On the other hand, Wisconsin showed no benefit of using sealants (Fang et al. 2003). In 
general, crack sealing could extend pavement life by two to five years (Peshkin 2011). 
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Various studies focused on the effect of sealing on pavement but not on sealant performance in 
the field. Ozer et al. (2014) developed a weighted performance index (PI) that they used to 
develop a sealant damage index. Sixteen different hot-poured crack sealants were installed in 
five cold regions: Minnesota, Ontario, New York, New Hampshire, and Wisconsin.  Earlier 
studies (Masson et al. 1999; Smith and Romine 1999) are used as references to establish the 
rating system. The PI is calculated as follows 
 100 ( 0.5)PI AC PAC       (2.1) 
where AC is the percentage of full adhesive and cohesive failures and PAC is the percentage of 
partial adhesive and cohesive failure. The results showed that adhesive failures were the main 
failure type for sealants installed in the study. Hence, characterizing sealants according to their 
adhesive properties is most crucial.  
This study aims to (1) investigate the practicality of CSAT with respect to field performance and 
(2) develop an adhesive test that may not require the direct tensile test (DTT) machine. The test 
should be reasonable, easy to conduct, and reliable. The required test will not utilize equipment 
not available in traditional pavement labs.  
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Chapter Three: Relationship between Crack Sealant Adhesion 
Tester Results and Field Performance 
CSAT is adopted as an AASHTO provisional specification to characterize the adhesive 
performance of hot-poured sealants. This test has not yet been verified with an actual field 
performance. This chapter addresses the correlation between the lab and field performance. The 
PI developed by Ozer et al. (2014) is used.  
Test Material Selection 
Sealants used in this study are part of the current pool-funded study led by the University of 
Illinois at Urbana-Champaign (Ozer et al. 2015). Sixteen sealants are used and installed in four 
sections: Minnesota (MN), Ontario (ON), New Hampshire (NH), and New York (NY). The 
sealants are coded with two alphabetical letters. The first represents the sealant itself and is 
capitalized. The second represents the ASTM specification type. Table 3-1 shows the material 
test matrix for the sealants.  
The Minnesota test site is located on Interstate 90 in the St. Charles area. The Ontario test site is 
located on Highway 35 in the Lindsay area. The New Hampshire test site is located on Interstate 
89 in the Grantham area. The New York test site is located on Chaplin Road (Road 21) in the 
Canandaigua area, which is southeast of Rochester. Different rout geometries are used. Clean 
and seal was applied for some cracks in these test sites. Further details regarding the test sites 
and geometries investigated can be found elsewhere (Ozer et al. 2014). Table 3-2 shows the five 
coldest temperatures experienced by the installed sealants at these test sites. The average of these 
temperatures is provided as well. 
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Table 3-1: Summary of Hot-Poured Sealants and Their Installation Test Sites 
 Showing the ASTM Specification Type and Crack Sealant Bending Beam Rheometer (CSBBR) 
Low-Temperature Grade 
Sealant ID ASTM Type CSBBR Grade (°C) Installed Sections 
Ad IV -46 MN 
Bb II -28 MN, ON 
Ca I -16 NY 
Da I -34 NY, ON 
Ed IV -40 NH 
Fb II -34 MN, NH 
Gd IV -46 MN, NH, ON 
Hb II -28 MN 
Ib II -22 NY 
Jd IV -46 NY 
Kc III -40 NH, NY 
Mb II -34 MN, ON 
Nb II -46 MN 
Ob II -40 NH, NY 
Pd IV -40 ON 
Rb II N.A. ON 
Sd IV -40 ON 
N.A. Not applicable 
 
Table 3-2: Five Coldest Temperatures Experienced by Sealants at Test Sites 
Test Site Temperature (°C) 
1 2 3 4 5 Average 
Minnesota -24.0 -22.8 -22.8 -21.0 -20.5 -22.2 
Ontario -33.2 -29.0 -28.8 -27.5 -27.5 -29.2 
New York -21.7 -20.7 -20.5 -19.7 -19.0 -20.3 
New Hampshire -26.7 -24.0 -23.5 -22.8 -22.2 -23.8 
Relationship between Test Results and Field Performance 
A summary of the results for the materials used in each test section is presented. Field samples 
are collected two and three years after installation. To verify trend similarity between lab test 
results and field performance, field data were statistically analyzed using the Games-Howell test. 
The Tukey test was used to categorize the laboratory test results for sealants in different subsets. 
The subsets of field performance data and lab test results were compared for each test site 
separately.  
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Minnesota (MN) Test Site 
The results of the CSAT test for the sealants used in Minnesota are summarized in Figure 3-1. 
The CSAT results showed high variations in sealant results with respect to temperature changes.  
 Some of the sealants showed an increase in the adhesive peak load with temperature 
drop, such as sealants Mb and Gd.  
 Sealant Hb showed a reduction in peak load as the temperature dropped.  
 Some sealants initially showed an increase followed by a drop in peak load as the 
temperature became colder, such as sealants Bb and Nb.  
 The remaining sealants (Fb, Ad) did not show any effect of temperature changes on peak 
loads.  
Overall, no specific trends could be obtained for the effects of temperature changes. None of the 
sealants in this section passed the criteria for the adhesion bond strength (50 N). Also comparing 
sealants at one temperature is illogical. Sealants perform differently, depending on the tested 
temperature. For example, sealant Ad had higher loads than Mb at -28 °C, which is reversed at  
-34 °C.  
 
Figure 3-1: Peak Load for Field-Aged Sealants Installed at Minnesota Test Site 
The field performance and lab results of these seven sealants are presented in Table 3-3. As 
shown, no correlation exists between the field and the lab results. Sealant Nb, which performed 
the worst at this test site, exhibited the highest adhesive properties. Furthermore, sealant Fb, 
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which was expected to perform the best, was grouped with the worst adhesive sealants. Subset C 
in the field performance table comprised the sealants with a PI lower than the passing threshold 
(PI<70%). It should be noted that sealant field performance is affected by several factors, 
including low-temperature stiffness and cohesive and adhesive characteristics. Therefore, a 
strong correlation between field performance and CSAT data may not be expected at this point. 
The same procedure of ranking and grouping is applied to data collected from other test sites.  
Table 3-3: Statistical Grouping of the Sealants Installed at the Minnesota Test Site Based on Their 
Field Performance and Lab Results of Specimens Collected after the Second Year of Installation 
Sealant 
ID 
Field Performance CSAT (-28 °C) 
PI   
(%) 
Statistical Subset 
(α=0.25) 
Peak Load   
(N) 
Statistical Subset 
(α=0.05) 
Gd 47.0 C 24 A, B 
Nb 61.7 B, C 40 A 
Hb 63.7 B, C 18 B 
Ad 68.1 B, C 35 A, B 
Bb 77.0 B 24 A, B 
Mb 77.3 B 32 A, B 
Fb 95.6 A 16 B 
 
Ontario (ON) Test Site 
The results of the CSAT test for the sealants installed in Ontario are summarized in Figure 3-2. 
The sealant behavior is similar to that observed in Minnesota. 
 No trend is observed for the effect of peak load as the temperature dropped. As the 
temperature decreases, the sealant peak load for some sealants increases (Sd, Da, Mb), 
while for others it drops (Rb, Gd, Pd), and it increases and then drops for sealant Bb.  
 All peak loads are below the threshold (50 N).  
 Sealant lab results showed similar trends for sealants Mb and Bb installed in the 
Minnesota and Ontario test sites at low temperatures. However, sealant Gd did not show 
a similar trend in both sections. 
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Figure 3-2: Peak Load for Field-Aged Sealants Installed at the Ontario Test Site 
The field performances and lab results of the seven sealants are presented in Table 3-4. Lab 
results showed some correlation with sealant field performance. The best field performing 
sealant (Sd) has also the highest adhesive peak load. Similarly, for Bb, which has the lowest 
adhesive properties, showed the worst field performance. It was concluded that adhesive peak 
load may not provide a clear distinguish among sealants that reflects field performance.  
Table 3-4: Statistical Grouping of the Sealants Installed at the Ontario Test Site Based on Their 
Field Performance and Lab Results of Specimens Collected after Second Year of Installation 
Sealant 
ID 
Field Performance CSAT (-28 °C) 
PI   
(%) 
Statistical Subset 
(α=0.25) 
Peak Load   
(N) 
Statistical Subset 
(α=0.05) 
Bb 80.9 D 15 B 
Pd 90.5 C, D 20 A, B 
Mb 91.4 B, C 16 B 
Gd 94.0 B, C 26 A, B 
Rb 94.4 A, B 16 B 
Da 96.7 A 21 A, B 
Sd 97.0 A 31 A 
 
New York (NY) Test Site 
The CSAT test results for the New York section are presented in Figure 3-3. The following was 
observed: 
 The cross-change in adhesive properties with changing temperatures. 
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 Sealant Kc at -34 °C passed the threshold (50 N). 
Two temperatures are used to investigate the effect of temperature changes on adhesive 
properties. Two stiff sealants (Ib and Ca) failed prematurely at the selected testing temperatures; 
hence, another temperature was selected for testing the sealant. 
 
Figure 3-3: Peak Load for Field-Aged Sealants Installed at New York Test Site  
The field performance and lab results of the six sealants are presented in Table 3-5. It is evident 
that lab results could not be grouped. Sealants Ib and Ca failed due to demolding and could not 
be tested at the reference temperature of -28 °C. Sealant Kc, which showed the worst field 
performance, resulted in the best peak load in the lab. Also, sealant Da performed well in the 
field, while its peak load was low.  
Table 3-5: Statistical Grouping of the Sealants Installed at the New York Test Site Based on Their 
Field Performance and Lab Testing for Specimens Collected after the Second Year of Installation 
Sealant 
ID 
Field Performance CSAT (-28 °C) 
PI   
(%) 
Statistical Subset 
(α=0.25) 
Peak Load   
(N) 
Statistical Subset 
(α=0.05) 
Ib 15.1 C N.A.
 
B 
Ca 20.2 C N.A. B 
Kc 35.2 B, C 45 A 
Ob 54.0 B 29 A 
Jd 78.9 A 41 A 
Da 82.7 A 27 A 
N.A. Not applicable 
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New Hampshire (NH) Test Site 
The CSAT test results for the New Hampshire section are presented in Figure 3- 4. Similar to the 
results observed in the Ontario and Minnesota sections, no trend is observed for the effects of 
temperature changes.  
 
Figure 3- 4: Peak Load for Field-Aged Sealants Installed at the New Hampshire Test Site 
The field performances and lab results of the five sealants are presented in Table 3-6. The 
correlation between lab results and field performance is acceptable. Sealant Ed performed the 
best in the field and showed the highest adhesive peak load at -28 °C; however, at -34 °C, the 
adhesive load dropped significantly as shown in Figure 3- 4.  
Table 3-6: Statistical Grouping of the Sealants Installed at the New Hampshire Test Site Based on 
Their Field Performance and Lab Results for Specimens Collected after the Third Year of 
Installation 
Sealant 
ID 
Field Performance CSAT (-28 ºC) 
PI   
(%) 
Statistical Subset 
(α=0.25) 
Peak Load   
(N) 
Statistical Subset 
(α=0.05) 
Ob 15.7 C 26 B 
Kc 28.7 B, C 28 B 
Fb 30.6 B 22 B 
Gd 39.2 A, B 40 A, B 
Ed 48.8 A 54 A 
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Summary 
The CSAT is the current AASHTO specification to characterize the adhesive properties for hot-
poured crack sealants. A correlation between CSAT results and field performance was carried 
out using 16 sealants installed at four sites. The study concluded that CSAT test results did not 
correlate well with field performance. The adhesive peak loads could not adequately distinguish 
between various sealants. No general trend exists with respect to temperature changes. Hence, a 
new adhesion test is needed that can capture adhesive properties of sealants and predict their 
field performance. The efforts to develop a new adhesion test are described in the next chapter. 
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Chapter Four: Development and Modification of Adhesive 
Prediction Tests 
This chapter is divided into two parts. The first discusses the development of a new adhesive test. 
The second introduces the modification to two of the current adhesive tests. These tests are used 
to investigate the adhesive characteristics of hot-poured crack sealants. They were selected to 
address both the chemical and mechanical properties influencing adhesive bonds.  
Single End Notch Interface (SENI) Test 
Sealants in the field fail due to thermal and mechanical loading. Adhesive properties should be 
quantified through mechanical testing.  The single end notch interface (SENI) test uses the 
bending stresses developed at the tip of a pre-made crack. The SENI test is a mode one fracture 
test. Development of this test aims to use the crack sealant bending beam rheometer (CSBBR). 
This evolved from the good repeatability in the CSBBR tests done for hot-poured crack sealants 
(Al-Qadi et al. 2009; Ozer et al. 2014). The concept of this test is very simple. A concentrated 
load (strain or stress rate) is applied at the interface of a three-point bending beam test. The load 
is increased until the specimen breaks. Both the load and energy to failure can be used to 
quantify the adhesive characteristics. Load is considered as an adhesive indicator for this test. As 
the load to failure increases, the sealant is considered a better adhesive material. 
Crack sealant is a very soft material, softer than binders. CSBBR specimens have double the 
thickness of the conventional binders to avoid high deflection (Al-Qadi et al. 2009). The 
relatively high deflection of the specimens in the SENI is a major obstacle in this test. The SENI 
test on normal CSBBR specimens did not work since the machine reaches its limit before crack 
initiation. Several testing devices, including the semi-circular bending geometry (SCB), were 
evaluated; the SCB was found to be the most appropriate. This requires increasing the specimen 
geometry configuration especially height. Final design of the test specimen was 6 x 3 x 1 in 
(length x height x thickness). A silicone-based mold container was fabricated to hold the 
specimens. Half of the specimen was made of aluminum (Al-6061) and the other half was 
sealant. Aluminum was selected since it has lower surface free energy than most of the 
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aggregates used in pavements (Al-Qadi et al. 2008). Tests were performed on four replicates at 
each temperature for each sealant.  Figure 4-1 illustrates the test concept. 
 
Figure 4-1: Schematic of the SENI adhesive test 
The amount of the sealant required and the specimen preparation procedure was a challenge. 
Larger specimens improved the repeatability since the sealant adheres to larger contact areas. 
This reduces the effect of sealant inhomogeneity on the adhesive characteristics. However, the 
amount of sealant required for the test, makes it impossible to test field specimens. The specimen 
preparation included spraying the mold with a releasing agent and placing the aluminum part in 
the mold. The aluminum interface is prepared by cleaning it with acetone. Then, the notch is 
introduced. The notch, one-third of the specimen’s height, is prepared by inserting a shim; the 
area of the shim was sprayed with releasing agent. Hot-poured sealants are prepared in 
accordance with ASTM standard (ASTM-D5167-13 2013) to ensure material homogenization. 
This also ensures having enough sealant to prepare the four replicates. Finally, the sealant is 
poured in the molds and left in the refrigerator (-20 °C) for 16 hrs. The specimens are 
conditioned in the testing chamber, at testing temperature, for an hour before applying loading 
rates. Figure 4-2 illustrates the method for specimen preparation and testing using the SENI 
approach. 
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(a) Homogenizing Process (b) Spraying the Molds (c) Molds Ready 
 
 
  
(d) Poured Specimens (e) Test Specimen Ready (f) Testing 
Figure 4-2: Hot-Poured Sealant Specimen Preparation and Testing Using SENI Test 
Several steps were taken to fine-tune the SENI test. A chronological order of the steps is 
presented in Table 4-1. The ideas used in this test are explained in Table 4-2.  
Table 4-1: Chronological Order of the Various Steps Used to Fine-tune the SENI Test 
Steps (Trials) Remarks 
 
 CSBBR testing machine was used 
 Two aluminum-sealant interfaces 
 No notch is applied 
 Heat the specimen for 30 min then pour sealant 
 CSBBR sealant testing dimensions 
 No failure; high deflection  
 No notch was applied  
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(Table 4-1 Continued) 
Steps (Trials) Remarks 
 
 
 CSBBR machine was used 
 Two sealant-asphalt concrete interfaces 
 No notch was applied  
 No failure: high deflection 
 
 
 Larger specimen 
 Use SCB testing machine 
 No notch was applied 
 High deflection of specimen 
 Displacement-control test at 50 mm/min 
 
 
 Aluminum-sealant interface 
 SCB testing machine 
 No notch was applied 
 High deflection; partial adhesive failure 
 Displacement-control test at 50 mm/min 
 Controlled temperature 
 Data was noisy  
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(Table 4-1 Continued) 
Steps (Trials) Remarks 
 
 Similar specimen dimension  
 Universal Testing Machine (UTM) 
 No notch was applied 
 Room temperature 
 High deflection; no adhesive failures 
 Smoother load-displacement curves  
 
 SCB testing machine 
 Higher specimen height (3 in) 
 Notch was applied (1 in) at the interface 
 High deflection with adhesive failure initiation 
 Displacement-control test at 50 mm/min 
  
 
 Thin shim added as a notch to dictate failure path 
 Displacement-control test at 50 mm/min 
 Partial adhesive failures accompanied with high 
deflection 
 
 Sprayed area works as the notch that dictate the 
failure path 
 Displacement-control test at 50 mm/min 
 High deflection of the specimen; aggregate 
absorbed the mold release sprayed material 
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(Table 4-1 Continued) 
Steps (Trials) Remarks 
 
 Specimen is prepared with aluminum and sealant 
blocks, each is 3 x 3 x 1 in. Notch area is 1 x 1 in 
 Sprayed notch area 
 Conditioned specimen before testing 
 
 
 Sealant conditioned in DTT machine 
 Loads are applied manually by adding standard 
weights (200 g) every 30 sec 
 Initial load =1833.7 g 
 Load-time relationship is used for adhesive 
parameters 
 Repeatability was not good  
 
 Loads are applied manually by pouring small 
iron spheres. Initial load =1983.3 g 
 Load serves as an adhesive parameter 
 Difficult to control load application 
 Repeatability was not good 
 
 Asphalt concrete is used instead of aluminum 
 Displacement-control test at 50 mm/min 
 Adhesive and cohesive failures 
 Spalling occurs in some specimens 
 No control of failure behavior 
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(Table 4-1 Continued) 
Steps (Trials) Remarks 
 
 SCB machine and manual loading 
 Two aluminum blocks each 3 x 3 x 1 in with thin 
sealant film in between 
 Notch was not applied  
 No consistency in results 
 No control for sealant film thickness 
 Sealants were heated for 30 min before pouring 
(small amounts) 
 
Table 4-2: Concepts Investigated in the SENI Test 
Concept investigated List of Concerns 
Relatively small dimensions High deflection, specimen preparation difficulty, machine limitation 
Notch application Inconsistent results; test repeatability depends on application method 
Relatively small 
displacement rate 
No adhesive failure; sealant viscoelastic behavior manifested  
Stress controlled Machine precision; could not develop stress level 
Thin adhesive Inconsistent results; no control for crack initiation 
Manual loading scheme Difficult to control loading rate; repeatability was questionable 
 
The trends of the displacement-control test, at 50 mm/min using SCB setting, results were 
consistent. The use of lower displacement rate was not successful due possibly to the relaxation 
behavior at lower loading rates. Stress-control test was not applicable because of the high 
deformation and softening of the sealants. To avoid creep in sealants during testing, the beam has 
been changed to a two-aluminum block, 3 x 3 x 1 in each, with a thin film of sealant in between. 
The approach was unsuccessful.  
Testing at a 50 mm/min displacement rate was conducted on three sealants. They were selected 
based on their corresponding low-temperature sealant grade (SG) per the CSBBR results (Table 
4-3). The sealants were tested at three different temperatures, two of which were above the low-
temperature sealant grade. This allows proper comparison of sealant characteristics at various 
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temperatures. A 6 
o
C difference was used in this study.  Figure 4-3 shows that as temperature 
decreases, peak load increases. 
Table 4-3: Testing Material (Sealants) Matrix for Single Edge Notch Interface Test 
Sealant ID Low Temperature Sealant 
Grade (CSBBR criteria) 
Reason of Selection 
Fb -34 °C Highly inhomogeneous (crumb rubber modified) 
Ed -40 °C Good field performance  
Ad -46 °C Fair to good field performance (very soft material) 
 
Figure 4-3 shows that comparing sealants based on one temperature could be misleading. For 
example, sealant Ed is worst at -28 °C; but it shows best adhesion at -40 °C. Test results show 
good repeatability; the coefficient of variation (CoV) for sealant Fb varied between 7% and 31%, 
which is significant improvement when compared to CSAT results, CoV was between 38% and 
62%.  
 
Figure 4-3: Results for Three Hot-Poured Crack Sealants Using SENI Test  
The test requires a loading frame and ability to monitor loading over time. The SENI test was 
investigated to measure the adhesive bond between sealants and actual asphalt concrete at 50 
mm/min. The observed failures were cohesive, mixed (adhesive and cohesive), or cohesive. 
Since the results were neither repeatable nor reproducible, this concept was discarded. 
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The use of CSBBR device for SENI test development was not successful. The test requires a 
large amount of material, time consuming, and a new equipment may be needed. However, the 
process provided valuable insight on the use of high displacement-control tests. In addition, the 
approach also helped in optimizing specimen preparation and demolding process. 
Modification of the Sessile Drop Method (SDM) Test 
Surface chemistry plays a role in the adhesion characteristics as described by the adsorption 
theory. The sessile drop method (SDM), Figure 4-4, quantifies the wettability through measuring 
the contact angle of a probe liquid applied on a horizontal plane of a solid (sealant in this study) 
(Al-Qadi et al. 2008). If the probe liquid spreads (contact angle is less than 90°), the adhesion 
bond between the liquid and the solid is strong; hence, greater surface free energy of the solid 
material. The adhesive bond is considered weak if the liquid remains stationary (Al-Qadi et al. 
2008). The energy required to create a unit area of the surface in vacuum is defined as a surface 
free energy (Jakarni 2012). Surface free energy is a property of the material itself.  
 
Figure 4-4: A Simplified Schematic for Sessile Drop Device Machine 
The work of adhesion depends on the properties of the liquid applied and the components of the 
surface free energy for the material under consideration. Many research studies compute the 
surface free energy components of the material based on the Young-Dupré equation (Al-Qadi et 
Computer 
Camera 
Syringe with probe liquid 
Light source 
Horizontal surface Sealant 
Contact angle formation Liquid droplet 
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al. 2008; Li et al. 2012; Little et al. 2006; Van Oss et al. 1988; Żenkiewicz 2007). This equation 
was originally introduced by Van Oss et al. (1988) and is summarized as: 
(1 cos ) 2( )LW LWa l s l s l s lW        
               (3.1) 
 2Total LWs s s s   
             (3.2) 
where: 
𝑊𝑎: Work of adhesion (Energy required to split the material to dissimilar parts through the 
interface) 
𝜃: Contact angle (°) 
𝛾𝑙: Total surface free energy for the liquid used (known) 
𝛾𝑠
𝐿𝑊: Lifshitz Van der Waals component of the sealant (nonpolar) 
𝛾𝑙
𝐿𝑊: Lifshitz Van der Waals component of the liquid used (known) 
𝛾𝑠
+: Acid (electron accepting) component of the sealant surface free energy 
𝛾𝑙
−: Base (electron donating) component of liquid surface free energy (known) 
𝛾𝑠
−: Base component of sealant surface free energy 
𝛾𝑙
+: Acid component of the liquid surface free energy (known) 
𝛾𝑠
𝑇𝑜𝑡𝑎𝑙: Total surface free energy of the sealant 
Equations (3.1) and (3.2) show that surface free energy computation is straightforward. Four 
unknowns exist: the contact angle, which is measured through the sessile drop method, and the 
three unknowns sealant surface free energy components (𝛾𝑠
𝐿𝑊, 𝛾𝑠
+, and 𝛾𝑠
−). The solution for this 
set of equations can be obtained by having at least three different equations, i.e., apply three 
different liquids with known properties. It can be demonstrated in the following scheme: 
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2 2 2 2
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{ } [ ]{ }b a x             (3.4) 
The solution for equation (3.4) is just the multiplication of the inverse of the known matrix [a] 
and the known matrix {b}. The sub notations 1, 2, and 3 represent different liquids. The above 
solution of the unknown matrix {x} could lead normally to a negative value, which is illogical 
for a square root answer. Little and Bhasin (2006) set the basis for the liquids used in computing 
these surface free energies. They suggest using five liquids (water, glycerol, methylene iodide 
(diiodomethane), formamide, and ethylene glycol) for sessile drop method based on the 
chemistry of binders. These liquids are applicable also for hot-poured crack sealants; they meet 
the requirements for proper liquids to compute surface free energy. A computation method using 
Excel solver was used to quantify the surface free energy for crack sealant. The computational 
method is presented somewhere else (Little et al. 2006). A constraint on the solution to be 
positive by using the Excel solver technique is recommended (Little et al. 2006).  
Due to the highly inhomogeneousity of crack sealant, 10 readings were measured for each liquid 
on each crack sealant. A computer was used to measure the contact angles and record these 
values. 
A flat horizontal surface for crack sealant is a key factor in measuring the surface free energy. 
Due to the inhomogeneity of the sealants and the existence of crumb rubber chunks in some 
sealants, sample preparation is slightly altered compared to the binders (for binder preparation 
method please refer to (Little et al. 2006).  
The procedure starts with heating 40 g sealant to the mixing temperature for 30 min. The sealant 
is stirred and poured in a pre-prepared mold. The mold is placed inside an oven for 10 min. The 
sealant is removed from the oven and is covered to avoid surface contamination. Specimen is 
conditioned for two hrs at room temperature (20 °C) before testing. Attention should be given to 
highly crumb rubber modified sealants due to the difficulty in achieving a flat surface. Figure 4-5 
present the procedure to prepare a specimen for the sessile drop method.  
The final (finished) surface is still sealant type-dependent. Highly inhomogeneous materials 
show rough surfaces that affect the accuracy of the sessile drop method. Figure 4-6 shows the 
final surfaces for four tested sealants. The four sealants were installed at the Minnesota test site. 
It is evident that the surface of the crumb rubber modified sealant is not smooth.  
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(a) Clean Molds with Acetone (b) Assemble the Mold (c) Stirring of Sealant 
   
(d) Sealants after Pouring (e) Sealant Trimming (f) First Liquid Contact Angles 
Figure 4-5: Hot-Poured Crack Sealant Sample Preparation and Testing Using the Sessile Drop 
Method 
To quantify the impact of liquid droplet size on the results, a droplet size close to that of a freely 
fallen drop due to gravity and a 2-μL size of all the liquids were applied to a homogeneous 
material (high-density polyethylene),  
Table 4-4 illustrates that the contact angle results in both cases were approximately the same. 
Hence, it was concluded that the droplet size has a minimal effect on the measured contact angle. 
Hence, any variation in measurement could be attributed mainly to the material. However, 
increasing the droplet size has lower variation in the measured contact angle, indicating reducing 
the effect of surface preparation.   
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(a) Bb (b) Fb 
  
(c) Gd (d) Hb 
Figure 4-6: Finished Surfaces for Four Sealants Used in Minnesota Section during Diiodomethane 
Application 
 
Table 4-4: Effect of Droplet Size on High-Density Polyethylene at Room Temperature (20 °C) 
Probe 
liquid 
 
2 μL droplet size Maximum droplet size 
1 
(°) 
2 
(°) 
3 
(°) 
4 
(°) 
5 
(°) 
6 
(°) 
Ave. 
(°) S.D. 
7 
(°) 
8 
(°) 
9 
(°) 
10 
(°) 
Ave. 
(°) S.D. 
Water 66.2 69.3 70.1 69.9 68.5 69.3 68.9 1.4 71.8 72.3 71 68.8 71.0 1.5 
Glycerol 77.9 77.5 76.9 74.8 73.1 76.8 76.2 1.8 74.5 74.5 73.2 75.1 74.3 0.8 
Diiodo-
methane 42.3 38.6 35.4 36.2 40 38.6 38.5 2.5 40.4 42.8 41.4 38.7 40.8 1.7 
Formamide 63.1 63 59.9 59.9 57 59.1 60.3 2.4 57.5 58.2 57.9 58.9 58.1 0.6 
Ethylene 
Glycol 51.6 45 49 48.4 48.8 47.6 48.4 2.1 47.6 51.2 51.1 50.5 50.1 1.7 
Ave.: Average 
S.D.: Standard deviation 
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The sessile drop method is applied to crack sealants installed at the Minnesota and Ontario 
sections. The maximum droplet size of the liquid is used. Measured lab contact angles are 
averaged to get one number for the surface free energy. Statistical analysis is performed on the 
field performance data. 
Table 4-5 shows no correlation between field performance and the lab test results. The highest 
values for surface free energy obtained in Minnesota test section (Hb, and Fb) are that of highly 
crumb rubber modified sealants. Most of the surface free energies in the Ontario test section are 
lower than those in the Minnesota section. Field performance of sealants installed in Ontario 
shows a better performance than those installed in Minnesota. 
Table 4-5 reveals that using the sessile drop method alone is inappropriate for characterizing the 
adhesive properties for hot-poured crack sealants. However, it may be used as an indication of 
adhesive characteristic or in conjunction with other adhesive testing method. 
Table 4-5: Sessile Drop Method and Field Performance Correlation for Winter 2013 at -28 °C 
(a) Minnesota test section. (b) Ontario test section. 
ID Field 
Performance 
Sessile Drop 
Method 
PI 
(%) 
Subset 
(α=0.25) 
Surface Free Energy 
(mJ/m
2
) 
Gd 47.0 A 30.85 
Nb 61.7 A, B 33.12 
Hb 63.7 A, B 40.50 
Ad 68.1 A, B 29.15 
Bb 77.0 B 33.26 
Mb 77.3 B 31.93 
Fb 95.6 C 43.57 
 
ID Field 
Performance 
Sessile Drop Method 
PI 
(%) 
Subset 
(α=0.25) 
Surface Free Energy  
(mJ/m
2
) 
Bb 80.9 A 33.67 
Gd 90.5 B 39.76 
Pd 91.4 B 27.87 
Rb 94.0 B, C 26.99 
Da 94.4 B 33.31 
Sd 96.7 C 24.85 
Mb 97.0 C 27.98 
 
Crack Sealant Tensile Adhesive Method (TAM) Test 
The tensile adhesive method (TAM) test is the most sensible concept for measuring the adhesive 
properties. It is thought to resemble field conditions due to temperature changes. Figure 4-7 
shows the CSAT, a modified DTT. It is introduced to measure the interfacial load of crack 
sealants at temperatures as low as -40 °C. This procedure has been adopted as an AASHTO 
provisional standard (AASHTO-TP-89-10 2015). Test methodology and specimen preparation 
are presented in the standard. Peak load and energy at failure are suggested as the adhesive 
performance parameters.  
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(a) During Test (b) After failure 
Figure 4-7: Crack Sealant Adhesion Test during Testing and after Failure 
Shortcomings in CSAT 
Chapter Three shows that CSAT results do not provide consistent trends with sealants’ field 
performance; sealants failed prematurely in the lab at relatively low values. Other concerns with 
the test can be summarized as follows: 
 Repeatability of the test results. The field-aged specimens showed a high CoV among the 
specimens. The CoV of the loads could reach as high of 62%. This affects the calculation 
of the energy. In addition, the interfacial contact area is relatively small, which leads to 
higher CoV for highly crumb rubber modified sealants. 
 Sample preparation and the quality of the shim used to create the notch are key factors in 
the test. Notches used may not be exactly the same for all specimens. Some of the 
specimens are failing through demolding process. Testing very stiff sealants at extreme 
low temperatures is not possible.  
 No significant difference among the results exists. Field-aged specimens show very low 
adhesive peak loads. The magnitude of the peak loads is within the same proximity for 
different sealants. Statistical grouping categorizes these sealants in one or two groups 
only in spite of the distinguished field performance. 
 The availability of the DTT machine. However, TAM tests described herein make use the 
DTT machine due to the lack of other options at this time. 
Test Design Trials 
Different test trials are introduced by changing the molds used in the DTT machine. The testing 
procedure for all trials is exactly the same. The results from each trial where used to improve the 
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next considered testing approach. The first trials introduced a change in the cross-section of the 
interface. A square cross-section of 20 mm x 20 mm is used instead of the semi-circular cross-
section of the CSAT. A 2-mm notch over the entire specimen width is introduced by spraying the 
mold release on both sides of the interface. This design improves the symmetry of loading and 
hence yields consistent results that can distinguish among the sealants. The molds are heated for 
two minutes before the sealant is poured. However, the repeatability with crumb rubber modified 
sealants was a challenge. As a result, a larger cross-section is used to provide larger contact area. 
Rectangular cross-sections of 30 mm x 20 mm were then introduced. A 6-mm notch from each 
side of the interface is applied using the mold release. The TAM R-30 mold assembly consists 
mainly of two T-shape end pieces and a U-shape to confine the end pieces. The end tab contact 
surface is 30 mm × 20 mm and four replicates are conducted to each temperature for the hot-
poured crack sealant. TAM R-30 provided consistent results. In order to introduce actual 
interfaces other than aluminum, a new mold design was developed (TAM C-shape). A block of 
material (mixture, aggregate, concrete, etc.) was mounted inside a C-shape end piece. Figure 4-8 
shows the different trials conducted using the DTT machine.  
  
(a) CSAT (b) TAM R-20 
  
(c) TAM R-30 (d) TAM C-shape 
Figure 4-8: Specimen Configuration for Four Tensile Adhesion Tests Using Direct Tensile Test 
Machine   
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A C-shape TAM test was considered for simplicity, as shown in Figure 4-9. However, although 
it is believed that this test would have the best repeatability, due to limited user interaction, it has 
not been used in this study due to time limitation. 
  
TAM C-shape mold components TAM C-shape assembled without confinement 
 
Figure 4-9: TAM C-shape Parts and Assembly Process Using Aluminum as a Material of Interest 
Tensile Adhesion Method (TAM) Test Specifications 
The TAM R-30 was selected for further evaluation, referred+ to as TAM hereafter. TAM molds 
are made from 6061 aluminum. The adhesion interface is polished to #32 grid. The molds consist 
of three parts: two end tabs and one U-shape. Figure 4-10 shows the dimensions of the molds. 
Figure 4-11 shows a 3D configuration of the molds used. The notch area is shown and is applied 
to produce a symmetrical interface. The U-shape part can be used to create the notch area by first 
marking the location where the notch is introduced. The process is repeated for the other side 
notch. The proposed design of the molds provides a very easy demolding process. It also 
minimizes the impact of the specimen weight during the conditioning because of the mold 
configuration. The symmetry and ease of handling provided by this design could improve the 
results significantly. 
TAM Testing Procedure 
The tensile adhesive method TAM is similar to CSAT. Both tests use the same DTT machine 
and have similar loading procedure. The main differences are the molds used and the interface 
cross-section. CSAT uses semi-circular end tabs, while TAM uses rectangular ones. The mold 
assembly consists of two T-shape end pieces and a U-shape piece that can be used to confine the 
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end T-shape pieces. Four replicates are used in this test. The end tab sealant contact surface is 30 
mm × 20 mm. 
 
Figure 4-10: Geometric Dimensions for the TAM Molds 
 
Figure 4-11: 3D Shape for the Molds Showing the Notch Area for the TAM Test 
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Preparing a specimen requires the T-shape end pieces and U-shape to be cleaned by acetone and 
dried with a tissue. The mold is then assembled by both the T-shape end pieces being confined in 
the U-shape piece, which is placed on a level surface. This creates a reservoir for the sealant 
specimen. The assembled mold is heated at the corresponding sealant recommended pouring 
temperature for three min. The end pieces are held in place with rubber bands. The tested sealant 
is heated to the manufacturer’s recommended pouring temperature for 30 min and stirred with 
glass rod to homogenize the sealant in the cans. The sealant should be poured slowly into the 
assembled mold to avoid air bubbles. The specimen is trimmed after one hr of setting at room 
temperature. The trimmed specimen is placed vertically in the DTT conditioning bath for one hr 
before testing. Finally, the specimen is mounted on the DTT fixture and loaded by pulling apart 
one of the end pieces at a constant rate of 0.05 mm/sec. The Test Builder software of DTT 
records the load and displacement data.  
A notch (pre-debonded area of 20 x 6 mm) is created on both sides of the sealant-mold interface 
to ensure adhesive failure. The pre-debonded areas are sprayed with a release agent. The 
resultant actual sealant contact area is 360 mm
2
. No energy is dissipated for crack initiation since 
the failure path is already defined. The testing procedure is shown in Figure 4-12. A step-by-step 
explanation of the testing procedure is provided in Appendix C. Adhesive characteristics of this 
test could be measured either through the peak load and/or the energy to the failure. The peak 
loads show better repeatability and are considered as an adhesive indicator. Similar findings were 
observed during the development of CSAT (Al-Qadi et al. 2008).  
TAM test was evaluated for the following criteria: 
 Repeatability of test results 
 Meaningfulness of test results 
 Discrimination potential among sealants 
Repeatability of TAM Test 
The TAM test repeatability was investigated by conducting the test more than once and by 
different operators. A Matlab code was developed to analyze all the replicates and provide the 
peak load for each specimen.  Figure 4-13 shows TAM repeatability among replicate tests for a 
highly crumbed rubber modified sealant. CSAT was performed on six replicates, while TAM 
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was performed on four replicates for each test; each test was performed by two operators. TAM 
results showed that specimen mishandling may have limited impact on results compared to 
CSAT due to the high peak loads. In general, the TAM test showed better repeatability than 
CSAT; even for a highly crumbed rubber modified sealant. The test shows that as sealant 
becomes more brittle (at low temperature) the results vary more. 
   
(a) Assembling mold (b) Pouring sealant (c) Trimming the mold 
   
(d) Conditioning in bath (e) Testing (f) Failed specimen 
Figure 4-12: TAM Specimen Preparation and Testing Procedure 
 Test specimen has small contact area and hence produces relatively low energy results. The 
repeatability of the energy and peak load parameters is investigated by plotting the CoV for 
different sealants at different temperatures. Figure 4-14 shows that the CoV for the sealant peak 
loads is less than 20%. The CoV for the elastic fracture energy results shows greater values, but 
for most cases it is less than 35%. The repeatability of TAM test is considered to be sufficient for 
an adhesive test. Peak loads can be reproducible with relatively lower variability. 
41 
 
 
(a) CSAT (One Test, Six Replicates) 
 
(b) TAM Test ( Two Tests, Each Four Replicates) 
Figure 4-13 Repeatability of Load-Displacement Curves for Sealant Fb by CSAT and TAM Test 
 
  
(a) Peak Load (b) Elastic Fracture Energy 
Figure 4-14: Coefficient of Variation for (a) Peak Load and (b) Fracture Energy for Six Sealants 
Tested at Three Temperatures Using Lab-Aged Specimens 
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TAM test is also investigated to check the repeatability among different operators. Two 
independent operators tested the same sealants at different times. The results obtained by both 
operators are comparable.  Table 4-6 shows the results of sealants Gd and Fb by both operators. 
The CoV was within the range of the test. Hence, operator effect is insignificant. 
Table 4-6: Repeatability Among Different Operators of TAM for Two Different Sealants Using 
Lab-Unaged Specimens 
Sealant Peak load 
( N ) 
Standard Deviation 
( N ) 
Coefficient of Variation 
( % ) 
Gd-LU User 1 104 10.3 9.9 
User 2 105 20.7 19.7 
Fb-LU User 1 200 30.8 15.4 
User 2 180 24.3 13.5 
 
Meaningfulness of Results 
Five sealants are selected to conduct a study on the ability of TAM test to provide meaningful 
results. The effect of testing temperature and lab aging are the variables considered for this 
study. Table 4-7 shows the test matrix used for this purpose. Sealants are selected based on their 
performance at the Minnesota and Ontario test sites. The matrix includes the entire sealant 
spectrum from poor to excellent field performance and from softest to stiffest.  
Table 4-7: Testing Material Matrix for Meaningfulness of TAM Results 
Sealant ID CSBBR Grade (°C) Reason of Selection 
Bb -28 Stiffest sealants among the installed at both sites 
Da -34 Very good performance in Ontario section 
Fb -34 Highly inhomogeneous (crumb rubber modified), best 
performance in Minnesota section 
Gd -46 Very soft sealant, fair to poor performance in both sections 
Pd -40 Soft sealant, poor performance in Ontario section 
 
Figure 4-15 presents the results for the selected test matrix. Lab-aged specimens are prepared in 
accordance with AASHTO-TP-86-10 2015. Lab-unaged specimens are prepared following 
ASTM-D5167-13 2013 procedures. Most of the sealants show an increase in the adhesive load as 
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the temperature drops. This trend is similar to the SENI test results. The only exception to this 
trend is the very stiff sealant. For stiff sealant, the adhesive load increases as the temperature 
drops, then decreases after a transition temperature. The transition temperature for the tested 
sealant is the same as the low-temperature grade obtained from the extendibility test (AASHTO-
TP-88-10 2015). As would be expected, sealant Gd did not fail at -22 °C and behaved as a 
ductile material, while sealant Bb failed when test at -28 °C and -34 °C. Sealant is temperature-
sensitive; that is, the effect of a change in temperature depends on the sealant itself. For example, 
sealant Fb is more sensitive to temperature change than sealant Da. The increase of adhesive load 
at colder temperature does not mean the sealant will perform better. The colder the temperature 
is, the stiffer the sealant, and the less extendible. Crack opening increases with a temperature 
drop, hence inducing larger stresses that may result in de-bonding.  
Most of the sealants have the same adhesive load for both the lab-unaged and lab-aged 
specimens. That is, the aging procedure did not affect the adhesive load. The only exceptions to 
this are the very stiff and soft sealants. For a very stiff sealant, the adhesive load pattern could 
change due to the transition temperature effect. Beyond the transition temperature, sealant 
becomes very brittle. A very soft sealant may experience an increase of the adhesive load for 
both aged and unaged sealant. Further discussion of aging effect is presented in Chapter Five. 
Figure 4-16 shows the elastic fracture energy results, which have similar trend as peak load 
results, Figure 4-15. As noted for the peak load results, in most cases, the elastic fracture energy 
results of lab-aged and lab-unaged specimens are relatively comparable. However, the elastic 
fracture energy results are more variable. Furthermore, elastic fracture energy results showed two 
trends. In the first, elastic fracture energy increases as temperature drops due to the increase in 
peak loads; especially for sealant experiencing a brittle failure. The other trend shows the elastic 
fracture energy is reduced with a temperature drop due to the change in behavior from ductile to 
brittle at colder temperatures. The CoV of elastic fracture energy ranges from as low as 6.5% up 
to as high as 70%. The low and high CoV values corresponded to sealant Bb test results at -16 
°C and -34 °C, respectively. Sealant Bb is a very stiff sealant and at extremely low temperature, 
it failed prematurely. The variability in the peak loads is much lower. The CoV ranges from 
3.5% to 34.5% for the same sealant at the same temperatures. The peak loads in TAM test show 
lower variability than elastic fracture energy. This is similar to the findings of the CSAT (Al-
Qadi et al. 2008). Since the CSDTT is used to characterize the sealant ductility (AASHTO-TP-
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88-10 2015), the TAM peak load parameter may be used ensure that sealant can withstand loads 
developed in the field.  
  
(a) Da (b) Fb 
  
(c) Gd (d) Pd 
 
(e) Bb 
Figure 4-15: Effect of Temperature on Peak Loads for Five Lab-Aged and Lab-Unaged Hot-Poured 
Crack Sealant Specimens Using TAM Test 
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(a) Da (b) Fb 
  
(c) Gd (d) Pd 
 
(e) Bb 
Figure 4-16: Effect of Temperature on Elastic Fracture Energy for Five Lab-Aged and Lab-Unaged 
Hot-Poured Crack Sealant Specimens Using TAM Test  
Discrimination Potentials 
Unlike CSAT where all adhesive loads are within the same range, TAM test shows that sealants 
can be distinguished by their adhesive performance. Peak load in TAM depends on temperature; 
it could vary from zero to 400 N. Elastic fracture energy results show a dependence on 
temperature as well. In addition, at the same temperature, sealants may have different adhesive 
performance depending on their composition. The discrimination potential can be seen clearly in 
Figure 4-15 and Figure 4-17, where various sealants behave differently at the same temperature 
(e.g. sealants Da and Bb at -28 °C). The peak load and elastic fracture energy may have the same 
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trend; but it is sealant type-dependent. In summary, TAM teat is a good adhesive test to 
discriminate among the sealants.  
 
Figure 4-17: Distinctive Adhesive Behavior as a Function of Temperature for Four Hot-Poured 
Crack Sealants Tested by TAM  
Summary 
Improvements and modifications to current adhesive prediction tests are essential for hot-poured 
crack sealants. Three types of testing are investigated. Development of a new test and 
implementation of two other tests are introduced. The first depends on measuring the mechanical 
loading applied in a three-point bending test. This test requires a standalone testing machine, 
needs relatively significant amount of sealant material, and is time consuming. The amount of 
materials required diminishes the chance to conduct the test for the field specimens. Due to these 
limitations, the developed test was deemed to be inferior to other available adhesive tests. 
However, the test showed a consistent pattern for the effect of temperature on the adhesive load 
for hot-poured crack sealants. The adhesive load increases as temperature decreases. Hence, it 
may be used when the aforementioned limitations can be addressed. 
The second test measures the surface chemistry through quantification of the surface free energy. 
A modified procedure for sample preparation is recommended. This procedure improves the 
final surface of the sealant.  The same computation procedure for other materials (binder, 
aggregate) is used in the case of the hot-poured crack sealant. The maximum droplet size of each 
applied liquid is used to improve the repeatability of the test result. Results do not correlate well 
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with field performance. This test could be used as a predictor of adhesive characteristics, but 
results may be verified with results from another mechanical adhesive prediction test.  
The third test, TAM, uses the current CSAT test procedure and equipment. Modifications to the 
specimen geometry, as well as to the notch application, improved the repeatability of the test 
data. This test can be used to quantify the adhesive properties of the sealant using the test peak 
load to failure. The CoV of the peak loads is generally less than 20%. In addition, the TAM test 
provides clear trends for temperature changes and aging effects. It is also able to distinguish 
between sealant potential performances when tested at the same temperature. TAM test is a 
relatively reliable adhesive prediction test and may be used to quantify the adhesion 
characteristics of crack sealants.  
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Chapter Five: Test Results and Discussion 
This chapter contains three main parts. The first part discusses the lab results of 16 hot-poured 
crack sealants using TAM test. The second part presents the effect of aging on sealant 
performance. Sealants are tested at the same temperature using different preparation procedures: 
lab-unaged, lab-aged, and field-aged. The third part investigates the relationship between the 
field performance and the lab results. Field performance data are recorded for all installed 
sealants (Ozer et al. 2014). Field samples are collected from four test sites: Minnesota (MN), 
Ontario (ON), New York (NY), and New Hampshire (NH). A statistical grouping is applied for 
the data. Games-Howell is used for the field performance data while the Tukey test is applied to 
lab results.  
Lab Results of Sealants 
Sixteen sealants are aged using vacuum oven aging. Each sealant is tested for at least three 
temperatures. Results for each temperature are based on at least four replicates. The temperatures 
are selected based on the expected sealant grade. Figure 5-1 shows the lab-aged results for the 16 
sealants. 
Figure 5-1 shows that sealant adhesive results are sealant composition dependent and vary 
among the tested sealants. All sealants are tested at -28 °C to provide a proper comparison. 
Sealant Bb breaks prematurely at this temperature for all four replicates. The figure also shows 
the variability in the tested specimens. The lowest CoV is 2.62% and the highest is 27.18%, 
which was for a highly crumb-modified sealant (Ib) at a relatively brittle condition. Comparing 
sealants at one temperature may not reflect the sealant adhesive behavior.  Three distinctive 
sealant adhesive behaviors can be detected through the results shown in Figure 5-1. These are 
sketched in Figure 5-2 and summarized in Table 5-1. 
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(a) Ad (b) Da 
  
(c) Bb (d) Ca 
  
(e) Ed (f) Fb 
  
(g) Gd (h) Hb 
Figure 5-1: Effect of Temperature on Lab-Aged Specimens for 16 Hot-Poured Crack Sealants 
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(i) Ib (j) Kc 
  
(k) Jd (l) Nb 
  
(m) Mb (n) Sd 
  
(o) Ob (p) Pd 
(Figure 5-1: continued) 
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Figure 5-2: A Schematic Diagram of Adhesion Peak Load Patterns for Sealants Tested Using TAM  
Test Considering CSBBR Grade 
Table 5-1: Summary of Adhesion Pattern with Temperature Drop for All 16 Sealants Tested Using 
Lab-Aged Specimens 
Adhesion Pattern With 
Temperature Drop 
Sealants 
ID 
Peak Load Range Based 
on CSBBR Grade  
(N) 
Remarks 
Increase Fb, Hb, Mb, Sd. 120 – 361  Crumb rubber and 
modified sealants 
 
Constant 
Ad, Da, Ed, Gd, Jd, 
Kc, Nb, Ob, Pd. 
 
144 – 314 
   
 
Drop 
 
Bb, Ca, Ib. 
 
104 - 142  
Stiffer sealants with 
ASTM specifications 
 
Table 5-1 shows that for stiff sealants, the adhesive peak load drops with a temperature 
reduction. This explains the premature failures for these sealants at extremely low temperatures. 
In this case, the peak load at -28 ºC is around zero. Crumb rubber modified sealants show an 
increase in the peak load as the temperature drops. This might be due to the effect of temperature 
on the crumb rubber itself. Finally, most of the sealants maintain their adhesive peak loads, with 
a slight increase as the temperature drops. In general, peak load is sealant dependent. 
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Aging Effect on Sealant Lab Test Results 
Aging is a key factor in viscoelastic materials’ properties. As sealants experience the field 
conditions, the sealant properties change (Ozer et al. 2015). All 16 sealants were tested at -28 ºC 
using various aging conditions. These conditions include lab-unaged specimens, lab-aged 
specimens, field-aged specimens, and lab kettle specimens. Lab-unaged specimens were 
prepared according to ASTM-D5167-13 2013. Lab-aged specimens were prepared according to 
AASHTO-TP-86-10 2015. Field-aged specimens were collected from the field two and/or three 
years after installation. Each test site is considered as an aging environment. Finally, lab kettle 
specimens were collected from the sealants conditioned using the lab kettle.   
Figure 5-3 shows of the adhesive peak load at one temperature using TAM test. All 16 sealants 
have more than one aging condition. However, sealants having the most variable conditions are 
shown Figure 5-3. Most of the sealants studied showed no change due to the field aging 
compared to lab aging procedure. However, field specimens showed a higher adhesive load 
compared to lab-aged specimens. This could be attributed to the complex nature of the actual 
field aging compared to that at the lab as well as the possible impact of traffic.  
TAM test shows that aging does not have the same influence the temperature has. Figure 5-3 
shows that field aging could be conservatively considered when using the AASHTO aging 
procedure. Hence, adhesive potential behavior could be predicted before sealant installation in 
the field. This provides sealant agencies the flexibility to select the proper hot-poured sealant for 
installation.  
Relationship between Laboratory Test Results and Field Performance 
Field-aged sealant specimens were tested using TAM test and the results were correlated to the 
field performance of the same sealant.  Sealants from the test sites, described in Chapter Three 
and utilized for CSAT, were used for this purpose: Minnesota, Ontario, New York, and New 
Hampshire. Specimens were collected through different years after winter seasons. Each 
collected field-aged sample was correlated with the PI for the year when the samples were 
collected. Unlike CSAT, only one temperature was used for testing all sealants in the section. 
This is because of the conclusion that aging does not alter the adhesive load. The selected tested 
temperature was -28 °C. This allows testing all sealants at the same temperature, close to that in 
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the field. A full match between the lab test and field results is unlikely. Other factors influence 
the sealant field performance, including sealant installation, sealant stiffness, and pavement 
maintenance activities during the sealant lifetime. The same procedure applied to CSAT results 
in Chapter Three was used for TAM results. The field PI was computed for each sealant in the 
section and statistically grouped using Games-Howell distribution. The Tukey test was applied to 
the lab test results. 
  
(a) Da (b) Fb 
  
(c) Gd (d) Mb 
Figure 5-3: TAM Test Results at -28° C: LA = Lab-Aged, LK = Lab-Kettle, MN = Minnesota 
Section, ON = Ontario Section, NH = New Hampshire, NY = New York, FA2 = Second-Year 
Specimen, FA3 = Third-Year Specimen 
Minnesota (MN) Test Site 
The Minnesota test site shows a fair correlation between the field PI and field-aged specimens 
tested in the lab. Field-aged specimens were collected after the second winter for the seven 
different sealants installed in this section. These samples were chosen since they showed higher 
scatterings in field PI. The coldest temperature for this test site was -22.2 °C. Table 5-2 shows 
the statistical subsets for this site. Sealants Mb and Fb are among the best performing in the field 
and in the lab.  
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Table 5-2: Statistical Grouping of the Sealants Installed in Minnesota Test Site Based on their Field 
Performance and Lab Results at -28 °C after Second Winter 
Sealant 
ID 
Field Performance TAM (-28 ºC) 
PI   
(%) 
Statistical Subset 
(α=0.25) 
Peak Load 
(N) 
Statistical Subset 
(α=0.05) 
Gd 47.0 C 182.4 B, A 
Nb 61.7 C, B 213.9 B, A 
Hb 63.7 C, B 222.5 A 
Ad 68.1 C, B 146.3 B 
Bb 77.0 B 25.0 C 
Mb 77.3 B 225.4 A 
Fb 95.6 A 201.1 B, A 
 
Ontario (ON) Test Site 
The Ontario test section shows an excellent correlation between the field performance and the 
results of the field-aged specimens tested in the lab. Field-aged specimens were collected after 
the third winter for the seven different sealants installed in this section. These various sealants 
showed good scatterings in field PI data. Table 5-3 shows the statistical subsets for this site. A 
perfect match between peak load subsets and field performance subsets exists; this could be due 
to the coldest temperature experienced by this section (-29.2 °C).  Sealant Bb shows the lowest 
peak load and the poorest field performance. Pd experienced a poor field performance and 
showed low adhesive peak loads. Sd and Da showed the best performance in the field and their 
adhesive characteristics were the best in the lab. Finally, sealants Rb, Mb, and Gd showed fair 
field performance, and the lab results categorized them in the second rank of the statistical 
groups. In general, this section shows that TAM results could be used to predict field 
performance. 
New York (NY) Test Site 
The New York test section shows a very good correlation between the field performance and the 
results of the field-aged specimens tested in the lab. Field-aged specimens were collected after 
the second winter for the six different sealants installed in this section. These samples showed 
good scatterings in field performance. The coldest temperature for this test site was -20.3 °C.  
Table 5-4 shows the statistical subsets for this site. A very good match between peak load 
subsets and field performance subsets exists. The exception is for Kc and Ob. Other sealants 
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showed very good correlation. Sealants Ca and Ib exhibited an inferior field performance as well 
as lab adhesive characteristics. On the other hand, sealants Jd and Da were performing well in 
the field and their adhesive characteristics were also good.  This section shows that TAM test is 
working. 
Table 5-3: Statistical Grouping of the Sealants Installed in Ontario Test Site Based on their Field 
Performance and Lab Results at -28 °C after Third Winter 
Sealant 
ID 
Field Performance TAM (-28 ºC) 
PI 
(%) 
Statistical 
Subset (α=0.25) 
Peak Load 
(N) 
Statistical Subset 
(α=0.05) 
Bb 32.4 D 11.4 D 
Pd 43.7 D, C 194.0 C 
Mb 58.1 C, B 249.1 B 
Gd 59.2 C, B 228.2 C, B 
Rb 69.3 B, A 244.0 B 
Da 77.6 A 296.5 A 
Sd 79.1 A 306.7 A 
 
Table 5-4: Statistical Grouping of the Sealants Installed in New York Test Site Based on their Field 
Performance and Lab Results at -28 °C after Second Winter 
Sealant 
ID 
Field Performance TAM (-28 ºC) 
PI 
(%) 
Statistical Subset 
(α=0.25) 
Peak Load 
(N) 
Statistical Subset 
(α=0.05) 
Ib 15.1 C 5 D 
Ca 20.2 C 3 D 
Kc 35.2 C, B 343 A 
Ob 54.0 B 223 C 
Jd 78.9 A 289 B 
Da 82.7 A 314 A, B 
 
New Hampshire (NH) Test Site 
The New Hampshire test section shows a good correlation between the field performance and lab 
test results of field-aged specimens. Field-aged specimens were collected after the third winter 
for the five different sealants installed in this section. The coldest temperature for this test site 
was -23.8 °C. Table 5-5 shows the statistical subsets for this site. A good match between peak 
load subsets and field performance subsets exists. Sealant Ob shows the worst field performance 
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and the lowest adhesive peak load. Moreover, sealant Ed shows superior performance in the field 
and has the highest peak load. This section shows that TAM is working just as in the New York 
and Ontario test sections. 
Table 5-5: Statistical Grouping of the Sealants Installed in New Hampshire Test Site Based on their 
Field Performance and Lab Results at -28 °C after Third Winter 
Sealant 
ID 
Field Performance TAM (-28 ºC) 
PI 
(%) 
Statistical Subset 
(α=0.25) 
Peak Load 
(N) 
Statistical Subset 
(α=0.05) 
Ob 15.7 C 223 C 
Kc 28.7 C, B 277 B, A 
Fb 30.6 B 312 A 
Gd 39.2 B, A 246 C, B 
Ed 48.8 A 306 A 
 
Correlation between Field Performance and Lab Results  
TAM test was used to correlate lab adhesive characteristics and sealant field performance in four 
test sites. Results show a good correlation between TAM peak loads and the PI for the tested 
sealants. In general, a change in the adhesive peak load corresponded to similar field 
performance change. This correlation was investigated through statistical analysis. Ontario, New 
York, and New Hampshire showed an acceptable correlation between the lab test results and 
field performance. Figure 5-4 shows a good correlation between the adhesion peak load and the 
PI for these sections. Minnesota shows a fair correlation and shows the best performances in the 
field and lab are the same. 
Summary 
Sixteen sealants were installed in four test sites and tested using TAM. Lab test results on lab-
aged specimens reveals three main patterns for the effect of temperature drop. The first shows an 
increase of adhesive load for crumb rubber modified sealants. The second maintains the adhesive 
peak load at a certain level. The peak load is slightly increased as the temperature drops. This is 
the case for most sealants. The third shows the peak load is dropped in stiff sealants. The 
AASHTO aging procedure was found to be appropriate for conservatively simulating field aging. 
The correlation between TAM results and the field PI is satisfactory. TAM test is a good step 
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towards developing a true understanding of the adhesion characterization of hot-poured crack 
sealants. 
 
Figure 5-4: Correlation between Performance Index and Adhesion Peak Load Using Data from 
Ontario, New Hampshire, and New York 
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Chapter Six: Findings, Conclusions, and Recommendations 
This chapter summarizes the study results, draws conclusions, and offers recommendations for 
further investigation. Crack sealing is one of the most common preventive preservation/ 
maintenance techniques in North America to extend pavement life. Most of the applied sealants 
fail adhesively at the crack walls. It is believed that adhesion occurs due to molecular and 
interatomic forces generated at the interface. Existing standards consider the adhesive 
characteristics of sealants as part of sealant classifications. Various tests are currently applied to 
measure or predict sealant adhesive properties. Most of these tests apply loading (tensile, shear, 
bending, torsion, or peeling) or study the chemistry of the interfaces. However, these tests lack a 
true correlation with field performance or have not yet been validated using field data.  
This study introduces the development procedure for an adhesive prediction test, tensile adhesive 
method (TAM) test. TAM test shows consistent results among specimens and operators. It 
provides consistent trends regarding the effect of temperature change and aging.  
The following are the main findings of this study: 
 CSAT did not correlate well with sealants’ field performance. 
 Hot-poured sealants’ peak loads in TAM test show three patterns as the temperature 
decreases: drop for stiff sealants, increase for crumb rubber modified sealants, and remain 
constant for most of the sealants with a slight increase in the adhesive loads.  
 Sealant comparisons based on one temperature could be misleading.  
 Sealant repeatability for TAM test is significantly reduced for weak and very stiff 
sealants at relatively low temperatures. 
 Aging has a minimal effect on the adhesive characteristics. Hence, adhesive 
characteristics have a minimal change with respect to different test sites.  
 Specimen preparation has a significant effect on the adhesion characteristics of sealant.  
 Adequate contact area size and proper surface area cleaning are needed for any adhesion 
sealant test. 
 Sealant adhesive characteristics may not explain sealant field performance without 
considering other factors such as sealant installation, stiffness, and preservation 
maintenance program applied to the pavement. However, desired sealant field 
performance requires proper sealant adhesive characteristics.   
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The following conclusions could be drawn from this study: 
 TAM test is a forward step in the direction of understanding the adhesive characteristics 
of hot-poured crack sealants. The test is repeatable and reproducible; it also addresses 
some of the CSAT specimen preparation limitation.  
 The TAM test results correlate well with field performance.  
 Sealant aging could be conservatively quantified using the vacuum oven method 
(AASHTO-TP-86-10 2015). 
This study provides a basis for understanding the adhesive characteristics of hot-poured crack 
sealants. However, more work is needed. The following recommendations are expected to 
improve the common knowledge of the adhesive characteristics of hot-poured crack sealants. 
 Limited study was conducted on the sealant surface free energy and its relation to field 
performance. Further work is needed that may include other computational techniques for 
determining the surface free energy as well as other testing procedures.  
 An extensive study to validate the TAM test is needed.  
 Given that sealant is a viscoelastic material, test loading rate should be optimized.   
 Further research on sealant adhesive fracture mechanics is needed to better understand 
the failure mechanism at the interface.   
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Appendix A: Modification of Sessile Drop Method (SDM) Test 
The computational method using Excel Solver can be found elsewhere (Little et al. 2006). Table A.1 
shows the properties of the five liquids used in the sessile drop method study.  
Table A.1: Properties of Liquids Used in the Sessile Drop Method (after Little et al. 2006) 
Probe liquid 𝛾𝑙
𝐿𝑊 (mJ/m
2
) 𝛾𝑙
+(mJ/m
2
) 𝛾𝑙
−(mJ/m
2
) 𝛾𝑙(mJ/m
2
) 
Water 21.80 25.50 25.50 72.80 
Glycerol 34.00 3.92 57.40 64.00 
Diiodomethane 50.80 0.00 0.00 50.80 
Formamide 39.00 2.30 39.60 58.10 
Ethylene Glycol 29.00 1.90 47.00 47.90 
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Table A.2 and Table A.3 show the measured contact angles for two of the sections used in this study.  
Table A.2: Measured Contact Angles for Minnesota Section 
Sealant Probe liquid Measured contact angle (°) Standard deviation (°) Coefficient of 
variation (%) 
 
 
Ad 
Water 105.26 0.96 0.91 
Glycerol 104.41 5.43 5.20 
Diiodomethane 49.54 3.23 6.51 
Formamide 86.76 4.33 4.99 
Ethylene Glycol 87.36 2.49 2.85 
 
 
Bb 
Water 94.12 4.66 4.95 
Glycerol 87.99 2.74 3.11 
Diiodomethane 41.00 5.45 13.30 
Formamide 81.02 2.40 2.97 
Ethylene Glycol 68.01 5.65 8.31 
 
 
Fb 
Water 75.41 4.01 5.32 
Glycerol 94.60 4.34 4.59 
Diiodomethane 28.14 3.10 11.02 
Formamide 66.24 7.12 10.75 
Ethylene Glycol 45.00 10.89 24.20 
 
 
Gd 
Water 99.05 5.25 5.30 
Glycerol 102.68 4.24 4.13 
Diiodomethane 43.32 3.46 7.99 
Formamide 89.94 4.02 4.47 
Ethylene Glycol 79.99 2.69 3.36 
 
 
Hb 
Water 88.11 4.84 5.49 
Glycerol 81.52 4.90 6.01 
Diiodomethane 32.41 4.63 14.30 
Formamide 78.53 5.18 6.60 
Ethylene Glycol 62.62 4.90 7.82 
 
 
Mb 
Water 102.87 3.44 3.35 
Glycerol 104.85 6.61 6.30 
Diiodomethane 41.40 2.04 4.92 
Formamide 91.69 1.92 2.10 
Ethylene Glycol 83.99 2.45 2.92 
 
 
Nb 
Water 105.18 0.95 0.90 
Glycerol 89.97 2.61 2.90 
Diiodomethane 38.53 1.95 5.07 
Formamide 91.51 1.76 1.93 
Ethylene Glycol 81.27 2.88 3.55 
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Table A.3: Measured Contact Angles for Ontario Section 
Sealant Probe liquid Measured contact angle (°) Standard deviation (°) Coefficient of 
variation (%) 
 
 
Bb 
 
water 99.03 2.93 2.96 
Glycerol 91.41 3.01 3.29 
Diiodomethane 47.08 2.10 4.45 
Formamide 84.20 4.55 5.40 
Ethylene Glycol 81.01 4.68 5.78 
 
 
Da 
 
water 103.76 1.90 1.83 
Glycerol 98.05 2.72 2.77 
Diiodomethane 34.72 4.87 14.02 
Formamide 78.23 3.99 5.10 
Ethylene Glycol 80.34 3.44 4.28 
 
 
Gd 
 
water 91.19 1.94 2.13 
Glycerol 85.64 3.16 3.69 
Diiodomethane 31.35 2.42 7.71 
Formamide 83.38 3.41 4.09 
Ethylene Glycol 76.55 4.65 6.07 
 
 
Mb 
 
water 95.34 3.58 3.76 
Glycerol 104.13 2.59 2.48 
Diiodomethane 41.73 1.47 3.53 
Formamide 95.87 1.44 1.50 
Ethylene Glycol 87.11 2.90 3.33 
 
 
Pd 
 
water 103.09 2.07 2.01 
Glycerol 99.59 2.80 2.81 
Diiodomethane 42.82 2.15 5.02 
Formamide 94.53 1.28 1.35 
Ethylene Glycol 79.75 2.27 2.84 
 
 
Rb 
 
water 104.81 1.81 1.73 
Glycerol 104.85 3.35 3.19 
Diiodomethane 49.38 2.17 4.39 
Formamide 90.71 2.17 2.40 
Ethylene Glycol 82.76 1.63 1.97 
 
 
Sd 
 
water 112.94 3.38 3.00 
Glycerol 107.80 2.24 2.07 
Diiodomethane 40.96 3.06 7.48 
Formamide 98.78 2.11 2.13 
Ethylene Glycol 88.23 2.02 2.29 
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Appendix B: Schematic of Tensile Adhesive Method (TAM) Molds 
 
 
Figure B.1: Geometric Dimensions for TAM R-20 Mold Parts 
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Figure B.2: Geometric Dimensions for TAM R-30 Mold Parts 
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Figure B.3: Geometric Dimensions for TAM C-shape Mold Parts 
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Appendix C: Tensile Adhesive Method (TAM) Tester Procedure 
Specimen preparation and testing: 
 Adjust the oven’s temperature to recommended pouring temperature of tested sealant. 
 Turn on the DTT machine, load the program, and set the control chamber to testing temperature. 
 Place a can having 35 gm of sealants inside the oven after 30 min of desired temperature is 
reached. 
 Clean interfaces with acetone. 
 Cover the end part of the testing fixture from the pre-determined location for the notch and spray 
the uncovered area. 
 
Figure C.1: Create Notches Using Mold Release 
 After preparation of the notch, spray the U-shape part to allow easily detaching from the mold. 
 
Figure C.2: Spray the U-shape Part with Mold Release 
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 Assemble the mold and heat it for three min before pouring sealants. 
 
Figure C.3: Assemble the Molds 
 Use a rubber band to hold the mold before pouring sealants. 
 
Figure C.4: Use Rubber Bands to Hold the Mold 
 Remove the can from the oven and stir the sealant with a glass rod. 
 
Figure C.5: Stir the Sealant before Pouring 
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 Pour sealant in the molds and leave it to set for one hr before trimming. 
 
Figure C.6: Pour Sealants Inside the Molds 
 Trim the specimens after the one hr setting at room temperature. 
 
Figure C.7: Trim Sealants after One Hour 
 Demold the specimen and condition it inside the DTT chamber at testing temperature for one hr. 
 
Figure C.8: Condition the Specimen at Testing Temperature  
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 Test the specimen at a displacement rate of 0.05 mm/sec. 
 
Figure C.9: Testing 
 Save the data file and analyze the data to determine the peak load. 
 
